Snow and glacial melt processes are an important part of the Himalayan water balance. Correct quantification of melt runoff processes is necessary to understand the region's vulnerability to climate change. This paper describes in detail an application of conceptual GR4J hydrological model in the Tamor catchment in Eastern Nepal using typical elevation band and degree-day factor approaches to model Himalayan snow and glacial melt processes. The model aims to provide a simple model that meets most water planning applications. The paper contributes a model conceptualization (GR4JSG) that enables coarse evaluation of modelled snow extents against remotely sensed Moderate Resolution Imaging Spectroradiometer snow extent. Novel aspects include the glacial store in GR4JSG and examination of how the parameters controlling snow and glacial stores correlate with existing parameters of GR4J. The model is calibrated using a Bayesian Monte Carlo Markov Chain method against observed streamflow for one glaciated catchment with reliable data. Evaluation of the modelled streamflow with observed streamflow gave Nash Sutcliffe Efficiency of 0.88 and Percent Bias of <4%. Comparison of the modelled snow extents with Moderate Resolution Imaging Spectroradiometer gave R 2 of 0.46, with calibration against streamflow only. The contribution of melt runoff to total discharge from the catchment is 14-16% across different experiments. The model is highly sensitive to rainfall and temperature data, which suffer from known problems and biases, for example because of stations being located predominantly in valleys and at lower elevations. Testing of the model in other Himalayan catchments may reveal additional limitations.
INTRODUCTION
The Himalayan region has been described as the 'Third Pole' because the amount of snow and ice stored is lesser only to the Polar Regions. In the context of global climate change, understanding snow and ice processes is vital to estimating the impact of climate change on the hydrological regime (Barnett et al., 2005; Immerzeel et al., 2010; Nepal et al., 2014) . However, the likely impact on water availability in downstream areas is less clear because of: (1) questions of the appropriate model structure to capture Himalayan dynamics, (2) uncertainty in precipitation and temperature estimates and projections (Immerzeel et al., 2010; Lutz et al., Nepal, 2016) , and (3) uncertainty in the volume of water contained in shrinking glaciers.
Hydrologists have used hydrological models to understand hydrological dynamics at a watershed scale for many decades (Singh and Frevert, 2002) . For this, different types of hydrological models are proposed depending upon the model research questions, data availability and understanding of related hydrological processes (Nepal et al., 2014) . Many hydrological models have been applied in the Himalayan region to understand hydrological system dynamics such as SRM model (Immerzeel et al., 2010; Panday et al., 2013; Khadka et al., 2014) , SPHY model (Lutz et al., 2014) and J2000 model (Gao et al., 2012; Nepal et al., 2014; Nepal, 2016) . Many of the models have adjustments for snow processes; SPHY and J2000 also simulate glacier melt processes. They typically use an index or degree-day factor (DDF)-see Shea et al. (2015) , Thayyen and Gergan (2010) and Immerzeel et al. (2013) for reference values.
Models that explicitly represent physical processes require significantly more detailed data, than more abstract lumped conceptual models (Daniel et al., 2011) . In the case of the Himalayan region, snow and glacier melt processes dominate the hydrology of some high-altitude areas (in contrast to mid-hills) (Lutz et al., 2014) and may require explicit representation to capture dynamics expected in climate change studies. For example, the high-altitude areas provide streamflow during the dry season through melt runoff Nepal, 2016) . A further constraint is the limited climate observations because of harsh terrain-many of the high-altitude areas are remote and inaccessible (Nepal, 2012; Pellicciotti et al., 2012) . In such cases, selecting a model that balances model complexity and data availability is a challenging task (Knoche et al., 2014) . Because of the limited amount of available data in such environments, it may not be possible to adequately constrain the model parameters, leading to well-known equifinality problems (Beven and Freer, 2001) .
The spatial distribution of precipitation for hydrological models continues to cause difficulties for modellers (Pellicciotti et al., 2012) . Several authors (e.g. Andermann et al., 2012; Krakauer et al., 2013) have assessed the accuracy of ground network surfaces (e.g. APHRODITE by Yatagai et al., 2012) and satellite radar (e.g. TRMM described in Huffman et al., 2007) against independent ground measurements using the normal observation network, high elevation stations (i.e. EV-K2-CNR stations examined by Diodato et al., 2010 ) and short expeditions . In general, many consider APHRODITE the best of the freely available interpolated products (e.g. Andermann et al., 2012) , although it underestimates precipitation in the Nepal Himalayas (see notes in Supporting Information of Lutz et al., 2014 for more details). Müller and Thompson (2013) also demonstrate that methods for assimilating the satellite and ground network datasets improve rainfall accuracy compared to either network. For this study, the ground network observations are denser than most locations in the Himalayas, providing an opportunity to examine sensitivities to model input data. Recent advances in model development and regional calibration of GR4J for the snow-covered areas by Valéry et al. (2014) and SPHY for Himalayan areas by Lutz et al. (2014) demonstrate methods to improve the robustness of estimates of the Himalayan water balance. Valéry et al. (2014) removed glaciated catchments from the suite of catchments used for calibration because of their unique properties. Lutz et al. (2014) evaluated the SPHY model against streamflow using hydrological stations that were interior to the calibration catchments because of limitations on data availability. This paper evaluates an adaptation of the GR4J hydrological model (Perrin et al., 2003) to include snow and glacier melt processes, hereafter called 'GR4JSG'. The model is proposed as a combination of parsimonious approaches to (1) catchment runoff process, (2) snow-melt processes; and (3) glacial snow stores in this study. The model is evaluated against streamflow and compared to Moderate Resolution Imaging Spectroradiometer (MODIS) snow extent (as motivated by Valéry et al., 2014) in the Tamor sub-catchment, an eastern tributary of the Koshi River basin. The model's parameter sensitivity is explored using Markov Chain Monte Carlo (MCMC) sensitivity as implemented in DiffeRential Evolution Adaptive Metropolis (DREAM) (Vrugt et al., 2009) . This paper explores the model uncertainty because of different assumptions about model structure and biases in the input data, which informs our understanding of the likely limitations in the application of the model. The application of snow and glacier melt processes into the conceptual GR4J model provides melt runoff estimation from the alpine catchment with minimum data requirements (only precipitation, temperature and potET), but may not be accurate, as the parameters were not adequately identified from the stream-flow signal.
STUDY AREA
The Tamor catchment is a tributary of the Koshi River basin located in eastern Nepal as shown in Figure 1 . The basin is characterized by steep topography (average slope of 28°) and high mountains, which are geologically active (rising and eroding). Figure 2 shows the river profile, with a landscape of sparsely covered forest in the lower catchment and permanently snow-covered mountain in the upper catchment (10% glaciated). The total area of the catchment is about 4005 km 2 and comprises the mountain Kanchenjunga, third highest mountain in the world (8586 masl). The glacier area covers about 407 km 2 of the basin area in altitude ranging from 4000 masl to 8200 masl according to Bajracharya and Shrestha (2011) . The basin shows temperate climate in the lower elevation areas and sub-alpine to alpine climate in high altitude areas. The mean annual rainfall at the highest reference station, Taplejung (1732 masl), is 2.2 m/year with about 74% of the annual rainfall occurs during the summer monsoon between June to September (Nepal, 2012) . The basin suffers from multiple water related hazards such as floods and flash floods, including glacial lake outburst, landslides, flooding and erosion (Chen et al., 2013) .
METHODS AND MATERIALS
This section describes the GR4JSG model, conceptual structure of the catchment, the input data used and the methods of calibration and evaluation. 
GR4J with snow and glacier (GR4JSG)
GR4J has been widely used in Europe and around the world including in the Himalayas. The GR4J model developed by Perrin et al. (2003) is a daily lumped rainfall-runoff model with four parameters (x1, x2, x3 and x4). GR4J consists of two main stores: the production store, and the routing store as shown in the conceptual structure of Figure 3 . The inputs to the model are rainfall depth (P) in mm and potential evapotranspiration (E) in mm. As shown in Figure 3 , x1 controls the size of the production store (mm), x2 controls the flux to groundwater (mm), x3 controls the size of the routing store (mm) and x4 controls the recession of the unit hydrograph (days). The eWater Source (Welsh et al., 2013) implementation of GR4J was used as the base for this paper. For more details on GR4J, please refer to Perrin et al. (2003) .
In addition to Perrin et al. (2003) 's GR4J model, the GR4JSG model contains stores for snow accumulation (Snow in mm) and glacial water content (Ice in mm). The model distributes precipitation between rain and snow, depending upon the average temperature. The daily partition of precipitation into rainfall and snow is:
where P snow is the amount of precipitation falling as snow (mm), P rain is the fraction of snow falling as liquid precipitation (mm) and P s is the proportion snow as defined in the J2000 hydrological model (Krause, 2002; Nepal, 2012) :
where TRS (°C) is the base temperature which differentiate rain (above TRS) and snow (below TRS). The range for Ps is fixed in between 0 and 1. However, parameter TRANS (°C) provides the temperature range of above and below the TRS in which the rain-snow mixture is calculated and defined in Equation 3. For this model, TRS is considered as 0°C and TRS is 2°C which means above +2°C is rain, À2°C is snow and mixture of rainsnow in between +2 and À2°C. T avg is the daily average temperature which is defined from the daily maximum and minimum temperature. The snowmelt leaving the snow store is estimated by applying temperature index degree-day factor, DDF Snow (mm/°C/day) as shown in Equation 4. In this approach, temperature is considered as a heat transfer process for melting of snowpack (Hock, 2003) . The amount of snowmelt (mm) is: Figure 3 . From Perrin et al. (2003) , the conceptual structure of the GR4J model is shown with modifications for snow and glaciers. When temperature is below zero precipitation falls as snow. In warm conditions, the snow melts (or thermal energy causes ice to melt). Snow and ice melt enter to Production Store (S) 54 S. NEPAL ET AL.
where T base (°C) is the threshold temperature for snowmelt and T melt is the average value of maximum and average temperature. Likewise, the model simulates the glacier icemelt by applying temperature index degree-day factor, DDF Ice (mm/°C/day). In the glacier area, when the surface is covered with seasonal snow, first the snowpack melts as explained above (Equation 4), then once the snow storage is empty, glacier icemelt begins:
The output from snowmelt and glacier melt are allowed to enter into the production store as shown in Figure 3 .
In this study, a large initial volume of water in the ice store makes the glacier area behave in a time invariant manner. In the real environment, the glacier area shrinks and expands. This dynamic process is not included in the GR4JSG model. However, the change in glacier area is a gradual process and reflected at a decadal scale, and might not affect the model results for a short simulation periods of a couple of decades (Jóhannesson et al., 1989; Pelto and Hedlund, 2001) . Similarly, this study only uses glacier area without differentiating into clean and debris covered glaciers. However, in recent modelling applications, glaciers are distributed into clear and debris-covered in which melt runoff from debris-covered glaciers is reduced by some extent (Nepal et al., 2014; Lutz et al., 2014) . Because of the conceptual nature of the model in which the catchment is distributed in elevation bands, only glacier area is used.
Conceptual structure of the catchment
The conceptual structure of the catchment aimed to: (1) retain a simple parsimonious model, (2) account for differing characteristics of glacier and non-glacier areas, (3) account for significant variation in the catchment's temperature profile, and (4) provide a spatial structure that would allow evaluation against observations. GR4J is a simple parsimonious model which required each extra free parameter to demonstrate a significant improvement in performance Perrin et al. (2003) . We afforded an additional two free parameters to account for snow and glacial properties, but no extra free parameters.
One of the characteristics of mountainous region is elevation differences where the temperature varies significantly. Valéry (2010) demonstrated the need to account for significant variation in the catchment's temperature profile. Accounting for variation in temperature profile by dividing the catchment into elevation bands improved model performance in highly mountainous catchments by dividing the catchment into elevation bands. Each elevation band had different forcing data based on a temperature lapse rate from a reference temperature station. Following suit, we partitioned the catchment into bands based on elevation from the Shuttle Radar Thematic Mission 3-s digital elevation model with processing by CGIAR to mosaic and fill voids (Jarvis et al., 2008) .
The combination of elevation bands at 200-m intervals and glacier extent led to 44 functional units (FUs) (Figure 4) . A FU is a conceptual portion of a catchment that functions in a similar way for hydrological processes as defined by Argent et al. (2009) in similar fashion to the concept of hydrological response units defined by Leavesley et al. (1995) . Principally, a FU in a catchment can have different model parameters or inputs to another FU in the catchment. For this study, we used identical precipitation data, but different temperature and potential evapotranspiration data for each FU; however, the parameters were changed for different experiments. The same parameter values were applied for all FUs. The runoff from rainfall runoff models in all the FUs are summed at the catchment outlet (i.e. there is no explicit routing scheme between FUs).
Input hydroclimate data
GR4JSG requires precipitation, temperature and evapotranspiration climate data to simulate streamflow, snow extent and the catchment's water budget. The precipitation input was the daily simple mean of the five nearby precipitation stations (as shown in Figure 1) . Table I provides a detailed description of these stations and their characteristic features.
In meteorological contexts, Brunt (1933) and many others have investigated the rate that air temperature falls when it ascends, either as a fully saturated air mass, or as a fully dry air mass-this is the adiabatic lapse rate for dry and saturated air. These lapse rates are often used to extrapolate temperatures at particular elevations based on ground observations. Rolland (2003) examined the reliability of extrapolating temperature based on 269 sites, finding that the strongest correlation for maximum temperatures was in summer with additional topographic features such as aspect and slope affecting the interpolation reliability. In the local region: (1) Kattel et al. (2013) Immerzeel et al. (2014) have suggested a more physically based model of temperature lapse rate that includes humidity. The temperature for each functional unit in the Tamor catchment model was corrected using the seasonal lapse rate for summer and winter as suggested by Nepal (2012) for the neighbouring catchment of the Dudh Koshi catchment. For Tamor, the difference in elevation between the median elevation of the functional unit and the elevation at the Taplejung meteorological station was adapted to calculate the temperature of each functional units.
The potential evapotranspiration data for the Tamor catchment model was from Nepal (2012) , which was derived by using Penman-Monteith equation. The model's streamflow predictions were evaluated against the Majhitar (station id 684) streamflow gauge measure- ments (Table I ). The Majhitar streamflow gauge was the outlet of the Tamor catchment model.
Calibration and evaluation method
GR4JSG parameters x1, x2, x3, x4, DDF Snow and DDF Ice are subject to local catchment conditions; that is, the actual parameter values need to be inferred by calibrating to local conditions (see Vaze et al., 2011 for further discussion on calibration techniques, and Bennett et al. (2013) for discussion on evaluation methods). The melt runoff estimated through calibration parameters of DDF for snow and ice is shown in Equations 4 and 5 which is directly affected by temperatures of the functional units. The calibration techniques involved: (1) split-sample calibration and validation of six parameters, (2) Box-Cox transform (Box and Cox, 1964) on streamflow (for calibration only), and (3) Joseph and Guillaume (2013) likelihood function to compare modelled and observed time-series. The results were evaluated against streamflow and compared to MODIS snow extent.
The split-sample calibration involved training the model from 1 January 2001 to 31 December 2004 then testing the model from 1 January 2005 to 31 December 2009. The availability of good quality rainfall data dictated the length of the calibration and validation periods. The snow stores were slow to reach an equilibrium state. That is, if the snow stores were at zero at the start of a simulation it would take 20 years for some of them to warm up. We seeded the initial value of the snow stores by running a complete simulation with calibrated parameters. From these initial snow store states, running the model in the warm-up period (1994) (1995) (1996) (1997) (1998) (1999) (2000) was sufficient to remove any trends in the snow store states. Even noting that inter-annual variability of the region is relatively low, the short calibration and evaluation period meant the model is unlikely to capture all climatic variability. The performance of the model was evaluated against streamflow by applying Nash-Sutcliff Efficiency (Nash and Sutcliffe, 1970-NSE) , Percent Bias (PBIAS) and visual inspection.
The model was also calibrated using the DREAM MCMC algorithm by Vrugt et al. (2009) with the likelihood function defined by Joseph and Guillaume (2013) . Through Bayesian inference, the adaptive MCMC algorithm, running multiple interacting chains in DREAM, calculates the posterior probability density function of parameters through sampling (i.e. the likelihood that the observed series was generated from particular parameter sets). For accurate description of the posterior probability density functions, many chains are required. Twelve chains provided a quantitative understanding of the parameter variation and the model's sensitivity to particular parameter values. The R-based implementation of DREAM described by Guillaume and Andrews (2012) with parallelism described by Joseph and Guillaume (2013) was used for calibration in which the authors used eight chains. According to Laloy and Vrugt (2012) , the number of chains for the original implementation of DREAM should be double the number of dimensions of the problem (in this case 12 chains were used to match six dimensions that were presumed to be orthogonal).
In order to avoid skew in the likelihood function towards high flows, we transformed the streamflow using a Box-Cox Transform (Box and Cox, 1964) , with power 0.5 as shown in Equation 6 (note evaluation used untransformed values). A value of 0.5 provided the effect of required, so no investigation of other lambda ranges was necessary.
where Q t is stream flow and λ 1 and λ 2 are transformation parameters (λ 1 is set to 0.5, and λ 2 = 0). X t is the transformed value at time t. The comparison against snow extent involved producing a spatial total for the Tamor catchment from the MODIS 8-day composite snow extent product (Hall et al., 2002) . For the assessment of snow cover areas, different filters (temporal, spatial and altitude-based filters) were used to reduce the influence of cloud pixels in the snow products, as described by Gurung et al. (2011) , as shown for some dates in Figure 5 . Note the accuracy of the product improves from 5 July 2002 when both Aqua and Terra satellites are providing measurements, and the accuracy is less during continuous periods of cloudy weather during monsoon. MODIS snow products have been widely used for understanding snow extent in different parts of the world (Klein and Barnett, 2003, Parajka and Blöschl, 2006; Wang et al. 2008) . Figure 5 shows the MODIS pixels (500-m resolution) overlapping the Tamor catchment. The snow extent for the catchment was the sum of the areas covered by MODIS pixels classified as snow covered. The equivalent modelled snow extent was compared by using coefficient of determination (R 2 ) and visual inspection after the model was calibrated using streamflow.
Uncertainty and sensitivity analysis
Sources of uncertainty in the catchment runoff modelling include observed data (precipitation, temperature, potential evaporation and streamflow), model assumptions and simplifications, and parameterization (Kuczera et al., 2006; Renard et al., 2010;  (1) inaccessible terrain that makes monitoring difficult, and (2) the orographic effects resulting from elevation and climate processes. In many cases, the location of stations around river valleys may cause underreporting of precipitation (Nepal, 2012) . The ground network is sparse and typically limited to elevations under 2000 m (1830 m in the case of Tamor; Table I ).
In general, sensitivity analysis techniques provide a method to test the robustness of models to input or parameter uncertainty. Common schemes for conducting sensitivity analysis include variance-based schemes such as Monte Carlo analysis; however, Peeters et al. (2014) and Plischke et al. (2013) have highlighted the complexity of conducting sensitivity analysis when the solution space is complex and non-linear (which it often is). Nonetheless, the robustness of the model to uncertainties was tested by varying precipitation data and ground-water parameter bounds (one-at-a-time) and assessing the Monte Carlo parameter distributions returned by DREAM.
For testing the sensitivity to precipitation, three additional sets of plausible precipitation inputs were tested: (1) average observed precipitation, (2) 110% of average observed precipitation above 2000 m, and (3) 110% of average observed precipitation between the elevation bands of 2000 m and 3000 m, 100% of precipitation between 3000 m and 4000 m, 70% precipitation between elevation bands 4000 m and 5000 m, 40% precipitation between 5000 m and 6000 m and 10% precipitation above 6000 m. Set (1) represented the extrapolation method of many hydrological studies (e.g. Panday et al., 2013) . Set 
Summary of experiments
Ten experiments were designed to examine the sensitivity of the model to input data and parameterization (Table II) . Experiment A was set up as a baseline using GR4J without any conceptual changes. Experiment B added snow and glacial stores to see the performance improvement of conceptual changes. Experiment C and D tested the sensitivity of the model to different precipitation series. The ground-water flux component (x2) is designed to allow inter-catchment flows of groundwater (Le Moine et al., 2007) . It is unknown whether such a flux exists in this catchment. However, because x2 can introduce and remove water from the catchment water-balance, it may compensate for other processes (e.g. DDFs may rise to compensate). To understand the role of x2 in this catchment, Experiment E, F and G examined the variation of the parameters for GR4J ground-water flux and ice and snow stores by constraining the ground-water flux (x2 = 0). Experiment H examined the sensitivity of the model to glacial area (a historic glacial area map was used for this experiment). Experiment J and K investigated the performance of the model when using reference values to constrain the ice and snow degree day factors. In each experiment, DREAM was used to calibrate the model, and the reported best parameter set was the one with the highest likelihood through calibration.
RESULTS AND DISCUSSION
The design and application of GR4JSG to the Tamor catchment demonstrated: (1) the ability to adequately represent streamflow using GR4J and GR4JSG models, (2) the ability to compare hydrological models against MODIS snow extents, (3) the difficulty establishing robust degree-day factors, and (4) interaction between different GR4JSG parameters.
Water balance (snow and glacier melt) Figure 6 shows the median monthly precipitation and discharge of the catchment during 2001 to 2009 according to station observations (with inter-annual variation of one standard deviation shown as bands). In the period 2001-2009 the average precipitation and discharge are 2135 mm and 1734 mm, respectively. Most of the precipitation (about 72%) falls during the monsoon season and most of the discharge (74%) flows during the same period. During the latter part of the monsoon and post monsoon period, discharge is greater than precipitation indicating a streamflow contribution from groundwater, snowmelt, permafrost melt and/or glacial melt.
The integration of snow and glacier melt plugins to the standard GR4J model made it possible to understand the contribution of snow and glacier melt runoff to the total streamflow as shown in Figure 7 . The model estimates that snow and glacier melt runoff from the catchment amount to about 14 to 16% of the total annual runoff across various experiment. The contribution of melt runoff during the pre-monsoon season (March-May) ranges from 23 to 27% of the total runoff, while it is 16 to 18% during the monsoon season (June-September) when the melt runoff coincides with rainfall-runoff. A few other studies in the Tamor basin (Nepal, 2012 and Panday et al., 2013) estimate that the snowmelt contribution to total annual runoff to be about 27%, which is higher than estimated from this study. The lower amount of glacier melt from this study is primarily because of unrealistic lower values of DDFIce. This is also explained in the next section with reference to different experiments (Table III) . Similarly, the reason for the difference is also due to the of different conceptualizations of snowfall and snowmelt. In Nepal (2012) , runoff from rain-on-snow (because of rainfall on snow buckets in the days following a snow event) is treated as part of the snowmelt, whereas in this model it is considered as runoff generated by rainfall. As suggested by Nepal et al. (2014) , the contribution of rainon-snow event is quite high in low elevation areas and gradually decrease in the high-altitude areas. The studies from the nearby western catchment (Dudh Koshi) suggest that the glacier melt contribution is 19% (Lutz et al., 2014) between 1998 and 2007 and 17% (Nepal et al., 2014 ) between 1986 and 1997 . Nepal et al., 2015 compared the GR4JSG and J2000 in the Dudh Koshi catchment results similar melt contribution of about 13% (GR4JSG) and 17% (J2000) and variation was attributed to different conceptualization of hydrological processes in both models.
Evaluation against streamflow
The performance of standard GR4J model through the evaluation period was NSE daily (0.85) and PBIAS (À4.9%) for streamflow (Experiment A, Table II and  Table III ). Note that GR4J by itself provides no insight into the snow and glacier processes. The addition of snow and glacier melt approach in GR4JSG model (Experiment B) led to improvements in the representation of streamflow with daily NSE (0.88) and PBIAS (0.24%) during the evaluation period (Figure 8 ). The modelled flow values demonstrate a high level of visual agreement with observations through both wet and dry seasons; however, the high peak flows are underestimated in some occasions during both the calibration and validation periods. Most values are represented quite well although there are deviations in theoretical quantile versus model quantiles as shown in Figure 8d .
Increasing precipitation in different elevation zones as explained earlier did not produce a significant change to model performance in Experiment C, resulting in similar calibrated parameter values to Experiment B. The increase in precipitation did lead to a smaller value of x2, i.e. less water was imported via the groundwater transfer. In Experiment D, decreasing precipitation above 4000 m led to significant compensation through the x2 parameter, unrealistic degree-day-factors and poor performance (higher biases). Further constraining the x2 parameter led to poorer performance (higher biases)-Experiment E, F and G. Constraining snow and glacial degree-dayfactor to narrower theoretical bounds did not change the model behaviour with daily NSE (0.88) and PBIAS (0.3%)-Experiment J.
The snow processes dominated the glacial processes in all the experiments with unconstrained snow and ice degree-day-factors. When the ice degree-day-factors were unconstrained, the calibrated values were far lower than reference values from other models (i.e. 0.006 mm°C À1 day À1 for debris covered and 6.0 mm°C À1 day À1 for debris free glaciers), and the difference between snow and ice degree-day factors for Experiment B was not realistic. Degree-day-factor to the ice degree-day-factor led to a value of 3.8 mm°C À1 day
À1
for the degree-day-factor (Experiment K), which is near other studies (Lutz et al., 2014 calibrated snow degree day factor of 4.80 mm°C À1 day À1 ). Therefore, calibration across a range of similar alpine glaciated catchments may be necessary to constrain the degree-day-factors to representative values. However, the current lack of precipitation and temperature data across several catchment makes this task difficult to achieve practically.
Comparison against MODIS snow extent
When the snow bucket in any FU contained more snow than a threshold of 10 mm, it was assumed that the complete area of the FU was covered in snow. Without the use of a low snow threshold to consider the area covered in snow, the model produced unrealistic snow area calculations, presumably because of an oversensitivity to smaller precipitation events. The agreement between MODIS 8-day snow extent and modelled snow extent for GR4JSG Experiment B was R In Experiment K, with lower degree-day-factors (snow = ice = 3.801), the R 2 was 0.42. In all the experiments, the modelled snow extent during summer was consistently lower than the snow extent from MODIS possibly because of combined effect of overestimation of snow extent in MODIS for cloud cover and/or excessive melt because of temperature input and conceptualization.
Because the relationship to snow extent was not part of the calibration objective function, there is a significant possibility that other equally good solutions might produce different levels of agreement.
The correlation between modelled snow extent and MODIS snow extent enables identification of internal model behaviours that are consistent with the conceptual model of catchment behaviour. That is, if the snow pack is growing when the MODIS snow extent is increasing, the model is behaving as expected. Conversely, if the snow pack is shrinking when the MODIS snow extent is increasing, the model might be responding spuriously to the input data, and it may not respond as expected to new input data (e.g. climate change scenarios). Because snow volume is a significant portion of the Himalayan water balance, any improvement in the estimation of snow volume should lead to hydrological predictions that are more robust. In particular, if snow extent is calibrated as in Finger et al. (2015) , we would expect improved performance in alpine catchments. Modellers using GR4JSG and similar models with degree-day-factors should beware of slow trends in the internal states of the models (i.e. the model will behave differently depending on the initial states of the snow and ice stores, which may take 20 years to converge to sensible values). However, the analysis of model sensitivities in this study showed that precipitation inaccuracies affect parameter values, which then affect hydrological estimates of ground-water fluxes and snow extent estimates.
Parameter sensitivity Perrin et al. (2003) reported 80% confidence intervals for each parameter based on a large variety of catchments as 100 -1200 mm for x1, À5 -3 mm for x2, 20 -300 mm for x3 and 1.1 -2.9 days for x4. The calibration algorithms ranged over slightly broader parameter ranges: 0 -1500 mm for x1, À10 -5 mm for x2, 0 -500 mm for x3 and 0.5 -4 days for x4 to identify unusual parameter values. For all the GR4JSG experiments, the x1 parameter was close to the upper parameter bound (1500 mm) indicating that the production store for this catchment was larger than expected from the original GR4J model application and may be compensating for processes particular to this catchment (e.g. snow and glacier). Figure 10 shows the parameter frequency derived from the posterior parameter density for the experiments using DREAM. Ideally, parameters of the model would be identifiable and independent, features of a parsimonious model. That is, identifiable in that there would be a single best value for each parameter when compared to the observed data for validation, and hence the posterior parameter distributions would be narrow; and independent, where each parameter value would not influence the best parameter value for another parameter (i.e. not exhibit cross-correlation). For most of the experiments, the model was identifiable, there was a narrow range of acceptable parameter values; however, DDF Snow varied across a range of around 3 mm°C À1 day À1 in all the scenarios. Most of the parameter values were independent of each other, with minor relationships between DDF Snow and other parameters as shown in Figure 11 , which shows the correlation between parameters of acceptable solutions for Experiment B (where acceptable solutions have Gelman diagnostic (Gelman et al., 2000) statistic < 1.2 for convergence and are part of the second half of solutions). For Experiment B, Figure 12 shows the relationship between DDF Snow and x3. For differing values of DDF Snow , x3 varied around 50 mm, generally with a linear trend (note DDF Snow converged to the . This would be consistent with the idea that the routing store parameter (x3) compensates for faster runoff generated by a higher DDF Snow value. In Bayesian inference frameworks, the appropriateness of the likelihood function depends on the model structure and data, and the statistical form of the errors that cause the differences between them. Further information about the structure of errors in the observation series (e.g. rating curve, precipitation) would assist in disaggregating data errors from problems with the conceptual model. Nevertheless, DREAM identified reasonable parameters using likelihood functions designed for other, quite different catchments. Note, producing better posterior parameter densities would involve examination of the residuals in terms of possible autocorrelation and heteroscedasticity (Schoups and Vrugt, 2010) . Improved understanding of the prior probability distribution of rainfall and streamflow could lead to improved understanding of parameters and better estimates of the region's water balance.
CONCLUSIONS
This paper described a spatial GR4JSG conceptualization of the glaciated alpine Tamor catchment using elevation bands and degree-day factors. The model conceptualization enabled evaluation of the modelled streamflow and comparison to remotely sensed MODIS snow extent. The agreement of these snow extents to MODIS snow extent for the catchment was R 2 (0.46), with calibration against streamflow only. The evaluation with observed streamflow was NSE (0.88), PBIAS (<4%), using a split-sample calibration and validation method. The model application also provided information about the melt runoff from glacier and non-glacier areas. This study showed the successful implementation of the GR4JSG conceptual model in the data scarce region of the Himalayan region.
However, the application also highlighted a few limitations of the model: (1) sensitivity to initial conditions, (2) slow trends in the internal states, (3) parameters collapsing to boundaries of GR4J's parameter range, (4) insufficient signal to constrain the ice degreeday-factors based on streamflow alone, and (5) interplay of GR4J parameters such as x2 with the degree-dayfactors. The model is also highly sensitive to rainfall and temperature driving data, which suffer from known problems and biases. Testing of the model in other Himalayan catchments may reveal additional limitations.
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